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ABSTRACT

A program of measurements is reported relating to the effects on
an antenna caused by a plasma in the near field. In one phase of the
program, admittance measurements were performed with a Teflon-plugged
waveguide slot antenna radiating into the flowing ionized gas of an
arc—driven shock tube. The electron density was varied above and below
the critical density at two different values of shock-tube pressure.

The results are compared with theoretical predictions.

In the other major portion of the program, measurements were made
in the same shock tube to determine the ionization rise times in normal-
shock~heated air and other planetary gas mixtures. The principal re-
sults of these measurements were to supply the ionization rise history
in air and in a 90-percent N2/10—percent 002 mixture over a wide range

of pressures and shock speed.
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I INTRODUCTION

This is the Final Report on a one-year contract that is the third
in a series. These three projects, each with a different emphasis, have
dealt with the effects of a plasma in the near-zone field of an antenna.
These studies have been generally aimed at the problem of communications
during hypersonic flight through the atmosphere of the earth and other
planets. The first of these was devoted to a study of small loops and
dipoles in hydrocarbon-flame plasmas with relatively high collision

L *
frequency.

The emphasis of the second-year program2 was on measurements with
X-band radiating apertures with at least one dimension of the same order
as the free-space wavelength. These measurements were made in both an
RF plasma jet and a 12-inch, arc-driven shock tube. The operating
regimes of pressure in both these facilities were such that the collision
frequency was low compared with the RF. Included in the second-year
program were a few admittance measurements of an open waveguide slot
antenna in the plasma jet, and considerable reflection coefficient

measurements of a similar slot in the shock tube.

In this third program, all the measurements were performed in the
shock tube. Admittance measurements were performed on a waveguide slot
antenna plugged with Teflon such that free-space mismatch was minimized,
In addition, measurements of ionization rise times and electron densities
were made in normal-shock-heated air and in mixtures of CO2 and Nz.
Knowledge of these parameters is important to both aerospace communica-
tion and to a better basic understanding of the transient phenomena
occurring when gases are shock-heated. Concurrent theoretical programs

4

in both the slot-admittance® and ionization rise-time* areas were per-

formed at the NASA-Langley Research Center,

*
References are listed at the end of this report.



This report includes in Sec. II a short description of the shock-
tube facility, the primary measurements equipment, and the auxiliary
apparatus. Section III is a summary of the slot-admittance measurement

results, and Sec, IV gives results of the rise-time measurements,

The author is grateful to T. Morita, W. E. Scharfman, and J. B.
Chown of SRI for many helpful discussions and suggestions, The measure-
ments were capably performed by R. L. Warner, J. W. Granville, and

C. D. Walker.
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I1 DESCRIPTION OF FACILITIES AND MEASUREMENT PROCEDURES

A, Arc-Driven Shock Tube

The shock tube used in these studies is of the arc-driven type and
is modeled after the design of Camm and Rose.® A schematic of the tube
is presented in Fig., 1. Figure 2 shows a cross section of the shock-
tube driver. A full description of performance capabilities is reported
in Ref. 6. Near the end of this project, fabrication and installation
of a new driver were completed, An alumina liner was used, rather than
the Lexan, for purposes of reducing the impurities propelled into the
test section from the driver, Whereas the Lexan ablated sufficiently
during each firing to coat the inside walls of the tube with a carbona-
ceous layer, the alumina ablates much less per firing, giving both longer

life and a much reduced wall impurity problem.7

The shock speed is measured by a series of flush probes mounted in
the tube walls. The probe current develops a voltage across a resistor.
This voltage is then differentiated to give a spike in voltage when the
ionization front passes the probe. The voltage spike is applied to the
vertical plates of a raster oscilloscope (see Fig. 3), and the time for
the shock to travel a known distance is measured from the oscilloscope
in terms of the time between spikes. The shock speed decreases as a
function of distance from the driver; over the two-meter region of speed

measurement, the deceleration is typically 5 to 10 percent.
B. Ion Probes

Ion probes were used in the shock tube for all measurements. For
the admittance measurements, the probes were utilized to determine the
absolute electron density as a function of time during a shot in a given
location in the tube. For the rise-time measurements, it was necessary
to determine only the relative ionization-density time history.
Scharfman,®;° using microwave interferometers, demonstrated in earlier
studies with air in the shock tube that 10-mil-diameter wire probes,

biased for ion-saturation current, collect current density very nearly

3
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FIG. 3 SHOCK SPEED MEASUREMENT ON RASTER SCOPE

proportional to the free—stream ion density for initial shock-tube
pressures, p1 < 0.1 torr. The accuracy in inferring the density using
existing theory over a wide range of electron density can be seen in
Fig. 4, using simultaneous microwave interfereometer data as a standard,
Figure 5 is a graph of the calculated proportionality "constant" for a

1/2-inch-long wire probe perpendicular to the flow,

For higher pressures, wedge-shaped probes of the type sketched in
Fig. 6, with a 10-degree half-angle, were used. Scharfman'® found that
the oblique attached shock off such wedge probes in air produced addi-
tional ionization slowly enough so that the wedge probes also collect
current density proportional to the free-stream ion density in the
pertinent range of shock speeds for pl =% 1.0 torr. The proportionality
factor for the wedge probes can be deduced from theory approximately as
well as for the wire probes and was essentially constant over the range
of densities measured., Because of the proportionality demonstrated for
both probes, the normal-shock ionization rise times were inferred
directly from the saturation ion current record as a function of. time.
In some of the shots in air, simultaneous measurements of rise time in-
ferred from the probe data and from microwave reflection data showed

good agreement,
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It follows from the studies in air that the wedges are valid for
making rise-time measurements over the same pressure/speed regimes in

any gas with rise times no faster than air,

C. Antenna Admittance

The Teflon-plugged open-waveguide slot antenna is shown in Fig, 7.
The leading edge of the slot ground plane was made sharp to minimize the
effects on the flow, and the wedge-probe was used in the 1.0-torr shots
to monitor the ion density just downstream of the aperture. 1In the
0.1-torr shots, a wire probe was placed in the same location, Prior
studies® showed that a boundary layer of approximately 2-mm thickness
would exist over the aperture in the O.l-torr shots, compared with a

0.6-mm thickness in the 1.0-torr shots.
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Because of the rapidly varying plasma conditions, the admittance
measurements had to be made with fixed components using a CW microwave
generator, It was decided to use a one-probe reflectometer similar to
that described by Ginzton.'? A block diagram of this apparatus is shown
in Fig. 8. The detected signals from the reflected power and the slotted
line probe were displayed along with the diagnostic probe currents as a
function of time. During a shot, the slotted-line probe was fixed at a
position either electrically identical to the aperture, or, for some
shots, a quarter-wavelength from such a position, Construction of the
simultaneous reflected and probe voltages in a vector diagram on a Smith

chart directly determines normalized admittance.

The Teflon plug was cut to a length (0.41 inch) such as to cancel
out the aperture free-space capacitive susceptance. The small remaining
mismatch was due to the difference in conductance. Bends in the wave-
guide were avoided between the slotted line and the aperture to avoid
introduction of spurious susceptance. Bench measurements were made
primarily to compare the phase measurements of the one-probe technique
with the slotted-line minimum/maximum technique using various termina-
tions, including the free-space aperture, The average error in the re-
flection coefficient angle was 5 degrees., Significantly greater
precision could have been achieved by using a second probe at a different
electrical location in the slotted line, especially when the impedance
of the aperture varied only slightly from the free-space admittance, as
at low electron densities. However, increased precision in phase
measurements was not deemed necessary as the emphasis of the program

was shifted to the ionization rise-time measurements,

D. Mass Spectrometer

A quadrupole mass spectrometer was used to monitor the constituents
of the gases into which the shocks were launched, largely to make a
quantitative determination of the impurities present. A moderate flow.
of shock-tube test gas was bled off through a small valve in the tube
wall. This gas was monitored then by bleeding off a much smaller flow

of the gas into the ionizer and analyzer of the mass spectrometer.

10
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Figure 9 is a photograph of the spectrometer and associated equipment

connected to the shock tube in the background.

FIG. 9 PHOTOGRAPH OF MASS SPECTROMETER CONNECTED TO SHOCK TUBE

When a moderate-sized vacuum pump was used (throughout the first
eight months) to keep the tube pumped down, it was found that water
vapor, from the room air leaking into the tube, would accumulate up to
0.0l1-torr partial pressure or more when the tube was maintained at about
0.02-torr measured pressure. Thus, even when additional air was brought
into the tube to raise the pressure to 0.1 torr for the low-pressure
shots, water vapor constituted about 10 percent of the gas present. To
reduce this impurity, a vessel for liquid nitrogen was installed inside
the shock-tube dump tank. When the liquid nitrogen was introduced into
the vessel, the water vapor would condense rapidly_on the walls of it.
The reduction in water—-vapor content to about 1 percent by this method
is illustrated by the two recorded mass spectra shown in Fig, 10, 1In
Fig. 10, the peaks corresponding to helium and argon are inordinately
high because the Vac-Ion pump in the residual gas analyzer (RGA) is

inefficient in removing these gases.

12
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The shock-tube wall impurities were analyzed, with the following

results:
Percent by Weight, ]
Element Solid Impurity Probable Source
Cc 35 Lexan Liner
Cu 18 Copper Electrode
Fe 15 Steel Diaphragm, Fuse Wire
Pd 4.2 Fuse Wire
Sn 3.6 Fuse Wire
Ni 3.0 Fuse Wire
Pb 3.0 Fuse Wire
Cr 3.0 Fuse Wire
Si 2.4 Fuse Wire

Many additional elements were found in concentrations less than 1 per-
cent, probably the most important of which was sodium at approximately
0.05 percent. However, the mass spectrometric measurements of the

shock-tube gases showed no sodium detectable in measurements capable of

resolving approximately 50 parts per million,

14



III RESULTS OF ADMITTANCE MEASUREMENTS

A, 0.1-Torr Data

The admittance measurements were made at two different values of
initial shock-tube pressure, p, = 0.1 torr and 1.0 torr, over a wide
range of electron density values, It is estimated that in the 0,l1-torr
shots, the ratio of free-stream ccollision frequency V to radian RF fre-
quency W was 0.06., The boundary layer thickness § was estimated from
previous measurements® to be 2.0-mm thick, For the 1,0-torr shots,

V/W ~ 0.4 and 6§ =~ 0.6 mm, Figure 11 shows an examnle of the time-
varying output of the two microwave outputs and a wire ion probe just
downstream of the aperture. On this 0,l-torr shot, the micruwave probe
was fixed at a point electrically equivalent to the aperture position

in the transmission line.

It was found in earlier studies in O.l-torr shots in air that the
wire probes continue to diagnose the local plasma after the passage of
the test slug (sometimes called HGS--homogeneous gas sample). However,
on many shots, just following the slug, large oscillations in electron
density are observed as the region of turbulent mixing of air and driver
gases follows the slug over the aperture. Figure 12 illustrates this
point, showing the measured admittance points plotted on a Smith chart,
compared with predictions by Swiff.3 The ratio of the electron density
n to critical density nc is shown for both theoretical and experimental
points., The circular data points for Fig. 12 as well as for most of
Fig. 11 were taken from regions of slow electron density changes, It is
seen that good agreement for these points is obtained in impedance, and
the corresponding electron densities agree within a factor of two. How-
ever, when points are taken from the shots data at random, including the
rapidly changing regions, greater scatter is apparent in the data, This
increased scatter is probably caused by transverse nonuniformity in the
plasma over the aperture as indicated by rapid variations observed by
the sensors. Values of n/nc are not available for some of the higher-

susceptance points because the probe-current traces went off-scale for

15
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FIG. 12 SMITH CHART PLOT OF 0.1-TORR ADMITTANCE DATA COMPARED WITH THEORY
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these points, The highest-susceptance data point in Fig. 12 was esti-
mated from the point in Fig. 11, where the microwave probe signal reached

the broad minimum about 70 ;s after the front arrived.

In Fig. 13 the conductance and susceptance values of Fig, 12 are

plotted separately against n/nc = (wp/w)z.

B. 1,0-Torr Data

The admittance results from the higher-pressure shots are similar
to the low-pressure ones in that good agreement with predictions is ob-
tained when the plasma is slowly varying. Figure 14 illustrates this
point similarly to Fig. 12, Figure 15 shows the admittance data of Fig.

14 broken down into susceptance and conductance, plotted against (wp/w)z,

C. Discussion

It is noted in Figs. 12 and 13 that almost all the data show a

systematically higher conductance than predicted. The near agreement

of the susceptance data with theory suggests that & is no greater than

2 mm. Reference 12 contains a discussion of the dependence of conduc-
tance upon rather minute details of the boundary-layer electron density
profile, especially for low v/w, Since this profile was not measured

in this program of measurements, it is expected that much of the lack of
agreement is due to inaccuracies in the profile estimates used in the

calculations,

The data shown in Fig., 15 indicate that the assumed value of
§ = 0.6 mm is reasonable for the 1.0-torr shots, but a systematic error
(in the other direction) is evident in the conductance again, Here,
again, profiles were deduced from earlier work and at a different
pressure, such that inaccurate proriles may be the overriding cause of

the disagreement,

18
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IV' RESULTS OF RISE-TIME MEASUREMENTS

A, Air

Figure 16 shows a plot of measured values of plT in air as a func-
tion of shock Mach number, where P, is the initial shock-tube pressure,
T =n__/(dn/dt) , and n is the equilibrium value of electron

eq . max e
density. The solid curve represents the calculations of Thompson,13
using adjusted rate constants to fit the earlier data of Frohn and
deBoer'# at the low-speed end and the data of Lin, Neal, and Fyfe'® at
the high-speed end, It is seen that the new data, taken at various

values of pl, covers nearly three orders of magnitude of the product

plT in a range where no data existed.

Figure 17 is an example of oscillograms of the ion current as a
function of time, collected in these tests. The low-level initial rise
shown in both traces is a current transient, seen at these and lower
electron density levels, that is related to the approach of the ionized
front through the dc electrostatic fields between the probes and the

(grounded) tube walls.

Figure 18 shows a summary of results of measurements of neq for
several different conditions. In 'dry air" (H,0 no greater than 1 per-
cent), the measured values agreed with theory within the capability of
the ion probe measurement., However, it is apparent that 10 percent or

more of water vapor caused a significant decrease in neq'

DeBoer'® earlier reported rise-time measurements much faster than
those of Frohn and deBoer,14 but he cautioned that these early results
should be considered as tentative because of shock-tube impurities,

However, considerably less care was taken to eliminate impurities in the

%k
The nominal shock-tube test time is usually not long enough to observe
Neq if n overshoots. For these cases, the definition of measured T is

npeak/(dn/dt)max.
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FIG. 17 ILLUSTRATION OF RISE-TIME MEASUREMENT USING
TWO DIFFERENT ELECTROSTATIC PROBES

measurements reported here than in the work of Frohn and deBoer, and
yet there is a good mating of the two sets of data., 1In one series, the
driver—-generated impurities were allowed to collect on the tube walls
for approximately 60 shots without cleaning, yet neither this nor the
10-percent water vapor affected the air rise-time results. Tests with
the new alumina liner give data quite similar to earlier results for a

given shock speed.

The limit in measuring long rise times in our tube results because
of the problem in distinguishing the legitimate transient rise in
ionization level from the rise in level due to shock deceleration,
monitored as the slug passed the ion probe. For example, a gas sample,
shocked 2 meters upstream of a probe, passes the probe 40 to 60 s
after the front, If the front decelerates 7 percent during that 2-meter
leﬁgth, the neq associated with the gas sample is a factor of about five
higher than that associated with the local shock speed, Unless the
gradient just behind the front is considerably steeper than that, it is

impossible to determine where the initial transient ends.
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. Mixt
B N2/CO2 ixtures

Tests were made in various mixtures of N, and CO_, following the

2 2
series in air, since, according to best authority, these gases comprise
the atmospheres of Venus and Mars. Most of these were made in 90 per-—

cent N2/10 percent CO The data from this mixture were found to vary

systematically over azwide range of plT similar to the air data, as
shown in Fig, 19. It is seen that the rise times are longer (slower)
than in air over the range of shock speed tested. The measurements at
P, = 0.3 and 1.0 torr were made with three wedge probes mounted 3
inches apart on a line transverse to the tube axis (see Fig. 20). The

measurements at p1 = 0.1 torr were made with six wire probes mounted in
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FIG. 20 WEDGE PROBES FOR RISE-TIME
MEASUREMENTS

a similar fashion. The spread in the measured times among the various
probes determined the vertical error flags of Fig, 19, and the uncer-
tainty in local shock speed, indicated by the horizontal error flags,
was determined from spread in the values inferred from the responses

of the flush probes placed at regular intervals along the tube (see
Fig. 3). The theoretical calculations were made by Evans,17 using
nominal rate qonstants except for adjustments required to be consistent

with Thompson's air calculation,!'®

Figures 21 and 22 are examples of the measured ionization density
increase behind the front in this mixture. It can be seen, especially
in the lower trace of Fig. 21, that disturbances in the nominal test
slug occur in this mixture ahead of the driver-gas interface. The de-
parture from the maximum early slope, seen in Figs. 21 and 22 at values
less than half equilibrium, is a characteristic predicted* for this
mixture, as shown in Fig. 23, in sharp contrast to the ramp-like in-
crease in air, Figure 18 shows good agreement of the measurements of

neq with the predictions for this mixture,.
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Preliminary measurements in mixtures richer in CO2 show that the
rise times are faster (shorter) and neq decreases as the CO_ is in-
creased above 10 percent, However, there was not sufficient data of

this kind to construct a universal plT curve as a function of us.
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V CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The Teflon-plugged slot-admittance measurements showed best agree-
ment with theory when the data are taken in slowly varying plasmas,.
Parametric calculations from theory show that fine details of the
boundary layer profiles are important, such that inaccuracy in deter-
mining these layer shapes may be responsible for some of the disagree-

ment with theory.
The ionization rise-time measurements in air served two purposes:

(1) They helped confirm validity of facility and instru-
ments for measuring rise times by virtue of agreement
with Frohn and deBoer and with Lin, Neal and Fyfe, at

the extremes of the Mach-number range studied

(2) They supplied missing data in the intermediate Mach-
number range in good agreement with the calculations

of Thompson.

The data in the 90-percent N2/10-percent CO2 mixture agree with
predictions regarding both equilibrium density and the characteristic
"rounded knee' approach to equilibrium, but the measured rise times
do not agree satisfactoriiy with predictions. Preliminary measurements
show that rise time is faster as-CO2 percentage is increased from 10

to 50.

Because the ionization history in these complicated gas systems is
integrated over many reactions, its measurement can serve as a compari-
son for predictions, but it is doubtful that it can serve as input data
for predictions. It is recommended that similar measurements be under-
taken in simpler components of these mixtures in order that better

determination of basic reaction rates can be made.

On the other hand, it may be found that a parametric computational
study can be made to find a unique set of rates that predict the rise
times observed in various mixtures. In this case, measurements in the

COz-rich mixtures should be resumed,
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